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ABSTRACT 

The  objective  of  this  program  is  to  provide  a  means  for  predicting  the  con¬ 
ditions  under  which  a  pressure  vessel  will  fail  due  to  hypervelocity  impact.  A 
major  segment  of  the  experimental  portion  of  the  program  has  been  accomplished. 
The  data  show  that  a  preimpact  stress  field  does  not  affect  hypervelocity  crater¬ 
ing  or  penetration,  but  the  conditions  for  catastrophic  fracture  depend  on  both 
the  stress  field  and  the  hole  size.  A  correlating  factor  between  the  preimpact 
stress  and  the  hole  size  has  been  established.  Systematic  test  series  of  shielded 
structural  arrangements  have  been  performed  to  investigate  projectile  dispersion, 
cratering  characteristics,  impact  damage,  and  failure  modes.  Interrelationships 
between  projectile  geometry,  specimen  size,  material,  and  structural  damage 
have  been  observed.  In  addition,  tests  have  shown  that  the  limiting  conditions 
for  catastrophic  fracture  of  gas-  and  liquid-filled  pressure  vessels  differ  from 
each  other;  further  investigations  are  needed,  especially  to  determine  failure 
conditions  for  liquid-filled  vessels. 
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I.  SUMMARY 

The  impact  failure  of  space  vehicles  is,  in  large  measure,  defined  by  the 
impact  failure  of  pressure  vessels.  An  experimental  program  has  been  designed 
to  develop  data  on  impact  failure  conditions  for  pressure  vessels.  A  major 
segment  of  the  testing  has  been  accomplished.  Test  phases  have  investigated 
the  applicability  of  fracture  mechanics  concepts  to  hypervelocity  impact,  and 
the  effect  of  specimen  and  projectile  geometry  on  the  impact  damage  to  practical 
structural  configurations. 

The  hypervelocity  impact  tests  of  stressed  specimens  have  shown  that  an 
analytical  relationship  exists  between  a  limiting  preimpact  stress  and  a  critical 
hole  size.  This  relationship  has  been  correlated  in  terms  of  fracture  toughness 
values  analogous  to  those  of  static  fracture  mechanics.  Several  generic  types 
of  fracture  toughness  values  characteristic  of  hypervelocity  impact  have  been 
distinguished  applicable  to  thin-sheet  penetration,  to  thick-sheet  cratering  and 
penetration,  or  to  penetration  accompanied  by  major  deformation  around  the 
hole.  This  latter  is  typical  of  impact  damage  to  heavily  shielded  structures. 

Impact  tests  of  specimens  preloaded  to  various  stress  levels  have  shown 
that  the  cratering  and  penetration  are  independent  of  stress,  but  are  dependent 
in  a  complex  manner  on  shielding  arrangements  and  projectile  geometry.  Under 
certain  circumstances  a  simple  penetration  can  be  transformed  to  catastrophic 
fracture  by  the  addition  of  a  shield  or  by  a  change  in  projectile  geometry. 

Impact  into  liquid-filled  pressure  vessels  produces  a  pressure  pulse  that  may 
induce  catastrophic  fracture;  more  work  is  required  to  determine  the  limiting 
magnitude  of  pulse  and  the  associated  impact  damage  required  for  fracture  under 
these  circumstances. 
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n.  INTRODUCTION 


Survivability  in  space,  for  both  manned  and  unmanned  space  vehicles,  is  a 
subject  of  increasing  concern  as  the  scope  and  tempo  of  space  programs  increase. 
Space  vehicles  are,  typically,  accumulations  of  pressure  vessels  of  various 
sizes  and  shapes  designed  to  house  or  support  different  vehicles.  A  major 
consideration  in  assessment  of  survivability  is  the  damage  caused  by  the  impact 
of  hypcrvelocity  particles.  The  amount,  the  type,  and  the  significance  of  the 
damage  depend  on  the  characteristics  of  the  particle,  on  the  structural  configur¬ 
ation,  and  on  the  mission  requirements. 

The  vulnerability  of  space  vehicles  is,  in  large  measure,  the  vulnerability 
of  pressure  vessels.  The  objective  of  this  program  is  to  determine  pressure- 
vessel  failure  modes  due  to  hypervelocity  impact,  and  to  provide  a  means  for 
predicting  conditions  of  failure.  To  accomplish  this,  a  search  has  been  made 
for  impact  theories  and  data  on  the  failure  of  loaded  structure.  The  results  of 
the  literature  search  have  been  reported  in  Reference  1.  Although  many  impact 
studies  have  been  performed,  little  that  is  directly  applicable  to  pressure-vessel 
failure  modes  has  been  published.  No  adequate  theory  of  hypervelocity  penetration 
and  structural  response  is  available.  A  major  reliance,  then,  for  evaluating 
failure  modes  has  devolved  upon  experimental  studies.  In  this  program,  experi¬ 
mental  studies  have  been  designed  to  determine  the  effect  of  particle  impact  on 
stressed  specimens  representative  of  pressure-vessel  structural  materials  and 
configurations. 

The  phenomenological  aspects  of  impact  into  realistic  structural  arrangements 
are  manifold,  complex,  and  poorly  defined.  A  testing  program  designed  to 
investigate  pressure-vessel  failure  by  varying  all  identifiable  factors  is  grossly 
impractical  in  size.  A  new  concept  of  impact  failure  is  needed  to  determine 
the  parameters  significant  in  describing  impact  failure.  Fracture  mechanics, 
relating  stress  fields  to  material  flaws,  has  been  found  useful  in  predicting 
static  and  fatigue  failures.  It  is  reasonable  to  postulate  that  an  analogous  relation 
exists  between  a  limiting  preimpact  stress  and  hypervelocity  crater  size.  The 
development  of  this  concept  for  a  reasonable  range  of  projectile,  material,  and 
geometric  variables  has  formed  the  central  theme  of  the  experimental  program . 

A  major  segment  of  the  testing  has  been  accomplished.  A  description  of  the 
tests  and  an  evaluation  of  the  data  are  contained  in  this  report. 


CONFIDENTIAL 


III.  THE  EXPERIMENTAL  PROGRAM 

The  concept  of  the  experimental  program  is  based  on  physical  insight  into 
penetration  mechanics  and  the  concomitant  structural  response,  formulated  in 
a  four-phase  test  series.  These  phases  are  defined  as  follows: 

Phase  I-Fraeture  Mechanics 

Failures  of  structures  at  stresses  far  below  their  design  values  have 
motivated  extensive  research  into  fracture  phenomena.  The  Griffith-Irwin 
approach  to  fracture  mechanics  has  been  used  with  considerable  success  in 
predicting  fracture  behavior.  The  Phase  I  tests  of  this  program  have  been 
designed  to  investigate  the  applicability  of  fracture  mechanics  to  hypervelocity 
impact.  Two  brittle  materials,  7075-T6  aluminum  and  Ladish  D6AC  steel, 
have  been  selected  so  that  the  critical  crack  lengths  and  the  test  impact  craters 
are  of  comparable  size. 

Phase  II-Stressed  Sheet 

Little  is  known  about  the  effect  of  hypervelocity  impact  on  practical  structural 
materials  and  configurations.  It  is  the  purpose  of  Phase  II  testing  to  investigate 
impact  and  penetration  effects  on  such  configurations.  These  tests  have  been 
designed  to  determine  possible  coupling  between  static  stress  and  hypcrvelocity 
impact  phenomena.  Stressed  2014-TG  aluminum  sheet  has  been  tested  with  and 
without  shielding.  The  effect  of  placing  a  low-density  insulation-type  filler 
between  the  shield  and  the  stressed  specimen  has  also  been  investigated.  The 
effect  of  propellants  on  tank  structural  response  due  to  hypervelocity  impact 
has  been  simulated  by  placing  suitable  backing  material  against  the  stressed 
specimen. 

Phase  Ill-Projectile  Geometry 

Phase  III  tests  have  been  designed  to  investigate  the  effect  of  projectile 
geometry  on  penetration  characteristics  of  shielded  and  unshielded  stressed 
specimens.  Target  material  has  been  2014-TG  aluminum.  Emphasis  has  been 
on  those  projectile  shapes  that  are  not  sensitively  dependent  on  impact  attitude. 

The  projectiles  that  have  been  successfully  launched  are  spheres,  hollow  cylinders, 
equilateral  tetrahedrons,  and  cupped  cubes. 

Phase  IV-Pressure  Vessels 

Phase  IV  consists  of  tests  of  2014-TG  spherical,  water-filled  Links  and 
air-pressurized  tanks  with  and  without  shielding.  Tanks  of  two  diameters  have 
been  tested  in  order  to  provide  some  information  on  the  possible  effects  of 
curvature  on  failure.  These  test  series  have  been  designed  to  provide  confir¬ 
mation  of  the  results  obtained  from  previous  testing  and  to  provide  a  correlation 
between  uniaxial  and  biaxial  stress  systems. 
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IV.  PHASE  I  TEST  RESULTS 

The  phenomena  of  structural  failures  at  average  stresses  far  below  their 
design  values  have  been  investigated  intensely  in  the  past  few  years.  Among 
the  methods  proposed  for  prediction  of  these  failures,  the  Griffith-Irwin  approach 
to  fracture  mechanics  has  met  with  considerable  success  in  describing  static 
and  fatigue  fractures.  The  Griff ith -Irwin  theory  assumes  a  relatively  slow 
application  of  load  and  the  existence  of  sharp  cracks  or  flaws  in  the  material. 

A  stress  intensity  factor,  K,  represents  the  combined  effect  of  material  proper¬ 
ties,  the  crack  dimensions,  and  the  stress  field,  all  of  which  influence  the 
subsequent  behavior  of  the  crack.  The  critical  value  of  K,  corresponding  to 
the  onset  of  rapid  crack  growth,  is  expressed  as  the  fracture  toughness  value, 

Kc.  The  essential  thesis  is  that,  for  a  material  having  a  given  value  of  Kc, 
rapid  crack  propagation  will  ensue  whenever  the  stress-intensity  factor  of  the 
stress  field  surrounding  a  crack  surpasses  the  value  of  Kc. 

In  recent  years,  fracture  toughness  testing  has  been  undertaken  by  various 
organizations.  Several  test  procedures  have  been  evolved,  and  several  criteria 
for  evaluating  materials  in  terms  of  fracture  toughness  have  been  suggested. 

The  difficulties  involved  are  still  far  from  resolution.  It  has  been  demonstrated 
that  the  fracture  toughness  value  is  a  function  of  many  variables,  including 
material,  specimen  width  and  thickness,  ambient  temperature,  material  heat- 
treat,  and  the  type  of  test.  Test  results  have  shown  that  it  is  possible  for  the 
same  material  to  be  interpreted  to  have  either  low  or  high  fracture  toughness, 
depending  on  the  details  of  the  tests  (References  2  and  3).  In  addition,  uncer¬ 
tainties  exist  in  the  relationship  between  fractures  in  actual  structures  and  in 
Kc  test  specimens.  Environmental,  dimensional,  and  crack-shape  parameters 
for  the  service-incurred  fracture  are  not  the  same  as  for  the  Kc  test.  Because 
of  these  differences,  the  apparent  Kc  applicable  to  the  fracture  of  structures 
may  differ  from  the  value  of  Kc  measured  by  a  standard  laboratory  test  procedure 
(Reference  4). 

The  types  of  fracture  and  the  accompanying  fracture  toughness  values  can 
be  divided  into  two  characteristic  groups.  Thin  specimens  allow  shear-type, 
or  plane-stress,  fracture  at  relatively  high  fracture  toughness  values.  Thick 
specimens  provide  elastic  constraint  along  the  crack  tip  producing  plane-strain 
fracture  at  low  fracture  toughness  values.  The  plane-stress  fracture  toughness 
is  denoted  by  Kc  while  plane-strain  fracture  toughness  values  are  designated 

as  KIc. 

Although  the  flaw  shape  and  conditions  of  loading  under  hypervelocity  impact 
do  not  fulfill  the  analytical  conditions  of  fracture  mechanics,  it  is  reasonable  to 
expect  that  a  limiting  stress  as  a  function  of  crater  size  should  exist.  Phase  I 
tests  have  been  designed  to  determine  whether  the  established  technology  of 
fracture  mechanics  can  be  utilized  to  describe  hypcrvelocity  impact  failure  modes. 
Materials  of  distinctly  different  metallurgical  structure  (i.e.  ,  7075-TG  aluminum 
and  Ladish  DGAC  steel)  have  been  tested  in  several  thicknesses  to  investigate 
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both  plane-strain  and  plane-stress  failure  modes.  The  test  data  are  listed  in 
Table  1.  Discussions  of  the  several  series  of  Phase  I  tests  follow. 

0.100-Ineh  7075-T6  Specimens 

Static  fracture  toughness  tests  have  shown  that  7075-T6  aluminum  can  fail 
at  stresses  much  lower  than  yield  stress  in  both  plane-stress  and  plane  strain 
failure  modes.  These  static  data  indicate  that  a  0. 100-inch  specimen  will  fail 
in  plane-stress.  The  first  hypervelocity  test  series  was  of  0.100-inch  specimens 
to  determine  if  failures  under  hypervelocity  impact  would  also  be  plane-stress 
or  if  impact  would  ii.J..ie  plane-strain  failures  at  lower  static  loadings. 

The  test  specimen  used  for  these  tests  was  a  5-inch  wide  tensile  coupon. 
Figure  1  shows  typical  specimens,  the  loading  jig,  and  the  hypervelocity  testing 
range.  Projectiles  were  1/4-inch  diameter  aluminum  cylinders  with  a  mass  of 
0.54  gram;  velocities  were  about  15,000  feet  per  second.  These  pellets  pro¬ 
duced  holes  about  0.60  inch  in  diameter.  No  failures  were  obtained  at  60,000 
psi,  but  when  the  static  stress  was  increased  to  65,000  psi,  the  specimen 
fractured  during  impact.  Photographs  of  these  tests  are  shown  in  Figure  2. 
Figure  3,  a  plot  of  gross  stress  versus  hole  diameter,  indicates  a  static  fracture 
toughness  value  of  about  60  ksi  Vin.  These  tests  were  repeated  using  1/4-inch 
diameter  Lexan  (a  polycarbonate)  cylinders.  The  0.23-gram  Lexan  projectiles 
produced  0.67-inch  holes  at  velocities  of  24,000  feet  per  second.  One  specimen, 
initially  stressed  to  58,700  psi,  sustained  impact  without  fracture  but  failed 
when  a  slight  increase  of  stress  was  applied  while  the  specimen  was  being 
removed  from  the  test  jig.  This  coincides  with  the  60  ksiVinT  value  of  the 
first  tests.  A  photograph  of  this  test  is  shown  in  Figure  4a. 

To  show  that  fracture  mechanics  concepts  apply  to  hypervelocity  impact, 
holes  of  different  sizes  are  required.  Smaller  holes  would  require  higher 
stresses  approaching  the  yield  strength  of  the  material.  Larger  holes  require 
larger  projectiles,  a  physical  impossibility  for  the  testing  facilities.  An 
alternate  approach  would  be  to  use  a  thin  shield  to  break  up  the  projectile, 
spreading  the  damaging  particles  over  a  larger  area  and  producing  a  larger 
hole.  This  method  was  followed.  A  standard  5-inch  wide  stressed  specimen 
was  shielded  with  a  0.020-inch  sheet  spaced  2  inches  in  front.  A  l/4-inch 
diameter  aluminum  sphere  of  0.38-gram  mass  impacting  this  combination 
target  at  18,000  feet  per  second  produced  a  1-inch  diameter  hole  in  the  stressed 
specimen.  Photographs  of  typical  shielded  tests  are  shown  in  Figure  4.  A 
test  series  using  shielded  targets  preloaded  to  various  static  stresses  indicated 
a  fracture  toughness  value  of  40  to  45  ksiVTiT  While  this  does  not  agree  with 
the  value  obtained  by  the  unshielded  tests,  a  standard,  center-crack  static 
fracture  toughness  test  using  a  5-inch  wide  specimen  cut  from  the  same  sheet 
of  material  produced  a  value  of  44.4  ksi  VinT  The  critical  crack  length  for  the 
static  test  was  1.013  inches.  Both  the  shielded  test  data  and  the  static  fracture 
toughness  test  value  are  shown  in  Figure  3. 


CONFIDENTIAL 


f 


CONFIDENTIAL 


If 


U.  Z  u.  ZZ  u.  Z  Z  Z  Z  u-  »*.  2.U.U.  zz  zi 


z  z  z  z  z 


(b)  Specimen  and  Loading  Frame  in  Test  Chamber 


Figure  1  TEST  SPECIMENS  AND  LOADING  FRAME 
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Direction 
of  Stress 

i  H 

(b)  Static  Stress  65,500  psi 


Figure  2  FRACTURE  MECHAN  ICS  TESTS  - 
0, 100-INCH  7075-T6  SPECIMENS 

1/4-1  nch  Aluminum  Cylinder  Projectiles 
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GROSS  FAILURE  STRESS,  «  (k»i) 


Fracture 

No  . 

Occurred 

Fracture 

• 

O  5-Inch  Wide  Specimen  -  No  Shield 

▲ 

A  5-Inch  Wide  Specimen  -  0.020-Inch  Shield,  2-Inch  Spacing 

■ 

□  8-Inch  Wide  Specimen  -  0.020-Inch  Shield,  2-Inch  Spacing 

« 

Fracture  Occurred  During  Removal  From  Jig 

Figure  3  FRACTURE  STRENGTH  OF  0. 100- INCH  7075-T6  SPECIMENS 
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(a)  Unshielded  Target- 
Static  Stress  58,700  psi 


(b)  0.020-inch  Shield  -  2-Inch  Spacing 
Static  Stress  30,300  psi 


(c)  0.020-Inch  Shield  -  2-lnch  Spacing 
Static  Stress  35,000  psi 

Figure  4  FRACTURE  MECHANICS  TESTS  -  EFFECT  OF  SHIELDS 

0. 100-Inch  7075-T6  Specimens 
1/4-Inch  Projectiles 
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The  inconsistency  of  the  fracture  toughness  values  obtained  by  the  different 
configurations  was  suspected  to  be  due  to  edge  effects,  especially  for  the  shielded 
specimens.  In  order  to  investigate  this  problem,  wider  specimens  were  manu¬ 
factured  and  tested.  Tests  performed  using  this  new  specimen  have  not  failed 
at  the  same  stress  levels  as  did  the  5-inch  wide  specimen.  For  example,  the 
two  tests  shown  in  Figure  5  had  the  same  nominal  static  stress,  yet  the  5-inch 
specimen  fractured  while  the  8-inch  specimen  did  not.  A  second  specimen 
tested  with  a  higher  static  stress  also  did  not  fail,  indicating  a  minimum  frac¬ 
ture  toughness  value  of  about  60'ksi  VinT  This  is  consistent  with  the  unshielded 
tests  of  5 -inch  wide  specimens.  The  hole-diameter-to-specimen-width  ratio 
for  the  8-inch  wide  shielded  specimens  is  identical  to  that  of  the  5-inch  wide 
unshielded  specimens. 

This  series  of  tests  has  demonstrated  that  catastrophic  fracture  can  occur 
during  hypervelocity  impact,  even  when  the  static  stresses  of  the  material  are 
far  below  material  ultimate  strength.  For  example,  in  tests  T219  and  T-223, 
static  gross  stresses  were  40,300  and  35,000  psi,  respectively.  Hypervelocity 
impact  produced  a  1.  2 -inch  diameter  hole.  The  net  static  stresses  became,  in 
turn,  53,000  and  46,000  psi.  Those  stresses  are  significantly  below  material 
yield  strength. 

All  fractures  of  0.  100-inch  specimens  were  plane-stress,  with  the  failure 
surface  inclined  at  about  45  degrees  from  the  plane  of  the  stressed  sheet.  This 
is  the  same  as  expected  from  static  fracture  considerations,  hence  hypervelocity 
impact  did  not  change  the  mode  of  fracture. 

0.400-Inch  7075-TG  Specimens 

The  0.  400-inch  thick  7075-TG  specimens  were  chosen  in  an  attempt  to  produce 
plane-strain  failure  modes  with  through-the-thickness  flaws  produced  by  the 
projectile  penetration.  This  thickness  is  sufficiently  thin  to  allow  complete 
penetration,  yet  the  thickness  provides  elastic  constraint  to  the  crack  tip, 
preventing  shear-type  separation.  The  projectiles  used  to  test  these  specimens 
were  cylinders  of  aluminum  and  Lexan.  Masses  and  impact  velocities  were 
0.54  and  0.39  grams,  and  15,000  and  23,000  feet  per  second,  respectively. 
Photographs  of  typical  tests  of  this  series  arc  shown  in  Figure  G.  For  the  two 
tests  shown  in  Figure  G,  the  net  stresses  were  55,000  psi  for  the  unfractured 
test  specimen  and  60,000  psi  for  the  fractured  specimen.  These  values  are 
below  the  nominal  yield  strength  of  7075-TG. 

The  results  of  the  tests  are  plotted  in  Figure  7.  All  fractures  shown  in 
Figure  7  were  plane -strain  mode  failures.  A  fracture  toughness  value  between 
40  and  50  ksi  VTiT  is  indicated.'  A  center-crack  static  fracture  toughness  test 
was  also  performed  on  a  specimen  from  the  same  material;  a  static  fracture 
toughness  value  of  27.5  kslVUTT  was  obtained.  This  test  series  revealed  that: 

(1)  through-the-thickness  plane-strain  fracture  will  occur  for  0.400-inch 
7075-TG  aluminum  specimens  with  net  stresses  far  below  their  ultimate  strength, 
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(a)  5-Inch-Wide  Specimen  -  Static  Stress  40,300  psi 


(b)  8-Inch-Wide  Specimen  —  Static  Stress  39,000  psi 


Figure  5  FRACTURE  MECHANICS  TESTS -EFFECT  OF  SPECIMEN  WIDTH 

0.100-Inch  7075-T6  Specimens 
1/4-1  nch  Aluminum  Sphere  Projectiles 
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(c)  Entrance  Side 


Figure  6  FRACTURE  MECHANICS  TESTS 
0.400-INCH  7075-T6  SPECIMENS 

l/4-lnch  Lexan  Cylinder  Projectiles 
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0.2  0.3  0.4  0.5  0.6  0.8  1.0  1.2  1.41.6  2.0  2.5  3.0 

CRITICAL  FLAW  SIZE,  2a  (INCHES) 


Fracture  No 
Occurred  Fracture 

•  O  5-Inch  Wide  Specimen 


Figure  7  FRACTURE  STRENGTH  OF  0.400-INCH  7075-T6  SPECIMENS 
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provided  that  the  holes  produced  by  hypervelocity  impact  are  sufficient  in  size; 
and  (2)  the  fracture  toughness  for  the  specimen  fractured  under  hypervelocity 
impact  seems  to  have  a  higher  value  than  that  produced  by  laboratory  static 
tests. 

0.900-Inch  7075-T6  Specimens 

This  series  of  tests  was  designed  to  extend  the  applicability  of  fracture 
mechanics  concepts  to  additional  hypervelocity  impact  phenomena.  An  attempt 
was  made  to  produce  plane -strain  fracture  failures  due  to  surface  flaws,  where 
the  crater  formed  by  the  projectile  impact  is  considered  as  the  flaw.  Projectiles 
used  were  1/8-inch  diameter  aluminum  and  1/4-inch  diameter  aluminum  cylinders. 

No  fractures  were  induced  by  the  impacts.  However,  one  specimen  that 
had  been  impacted  by  a  1/4-inch  aluminum  cylinder  fractured  when  a  very 
slight  increase  of  load  was  applied  during  the  jig  unloading  procedure.  The 
net  stress  for  this  specimen  was  calculated  as  55,600  psi.  This  indicates  a 
fracture  toughness  value  of  at  least  45  ksi  VinT  Even  with  an  additional  stress 
due  to  jig  unloading,  the  total  stress  failure  was  still  far  below  the  ultimate 
strength  of  the  material.  The  fracture  was  a  plane-strain  failure.  A  photograph 
of  this  specimen  is  shown  in  Figure  8b.  A  standard  static  test  of  this  same 
material  using  a  notched  round  specimen  resulted  in  a  fracture  toughness  value 
of  31  ksi  VinT  This  series  of  tests  has  demonstrated  that  craters  produced  by 
hypervelocity  impact  may  behave  like  surface  flaws  in  producing  catastrophic 
plane-strain  fractures  at  stresses  below  the  material  yield  strength.  However, 
the  fracture  toughness  value  due  to  hypervelocity  impact  appears  to  be  higher 
than  that  obtained  from  the  static  tests.  This  is  consistent  with  the  results  of 
the  previous  test  series. 

Ladish  DCAC  Specimens 

This  series  of  tests  was  designed  to  investigate  the  applicability  of  fracture 
mechanics  to  another  brittle  material  having  a  metallurgical  structure  different 
from  that  of  7075-TC  aluminum .  Impact  tests  have  been  performed  on  0.  250- 
inch  thick  specimens  with  1/4-inch  aluminum  spheres  as  projectiles.  These 
tests  were  planned  to  obtain  the  through-the-thickness  plane-strain  failure  mode. 
No  fractures  were  produced  by  the  tests.  The  gross  static  stress  applied  to 
the  specimens  has  been  as  high  as  144,000  psi,  corresponding  to  a  net-area 
stress  of  197,000  psi.  Figure  9  shows  the  typical  results.  A  minimum  fracture 
toughness  value  of  at  least  139  ksi  VIn.  was  indicated  by  the  impact  tests.  A 
standard  static  test  of  this  particular  heat-treat  material  produced  a  fracture 
toughness  of  61.5  ksi  VinT  The  static  test  also  gave  the  yield  strength  of  the 
material  as  257,000  psi  and  an  ultimate  strength  of  275,000  psi.  This  series 
of  tests  did  not  produce  fractures;  the  results  seem  to  indicate  that  a  higher 
plane-strain  fracture  toughness  value  is  obtained  for  the  specimens  under 
hypervelocity  impact. 
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(b)  Static  Stress  42,500  psi 


Figures  FRACTURE  MECHANICS  TESTS 
0.900-INCH  7075-T6  SPECIMENS 

1/4-  inch  Aluminum  Projectiles 
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(b)  Exit  Side 

Figure  9  FRACTURE  MECHANICS  TESTS  - 
0.250- INCH  LADISH  D6AC  SPECIMENS 

l/4-lnch  Aluminum  Sphere  Projectile 
Static  Stress  143,500  psi 
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(a)  Entrance  Side 


SCALE: 
1/2  Inch 
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V.  PHASE  n  TEST  RESULTS 

Typical  spacecraft  pressure  vessel  configurations  consist  of  a  stressed 
shell  covered  with  a  layer  of  insulation  for  thermal  control  and  an  outer  covering, 
usually  metallic,  to  maintain  structural  integrity  during  handling,  launch,  and 
orbital  operations.  As  reported  in  Reference  1,  the  majority  of  the  existing 
theoretical  or  experimental  penetration  studies  have  been  of  thick,  or  semi¬ 
infinite,  targets.  The  experiments  involving  thin-sheet  and  shielded  targets 
have  been  limited  and  little  more  than  exploratory  in  scope.  An  important 
parameter  completely  missing  in  the  majority  of  these  studies,  one  that  will 
be  present  in  any  pressure  vessel  regardless  of  the  contents,  is  stress.  It  is 
the  purpose  of  the  Phase  II  testing  to  investigate  the  effect  of  hypervelocity 
impact  on  stressed  thin-sheet  arrays  simulating  practical  spacecraft  configura¬ 
tions. 

The  penetration  phenomena  associated  with  hypervelocity  impact  on  shielded 
and  unshielded  structures  are  manifold  and  complex.  Experimental  studies  can 
lead  to  an  impossibly  large  test  program ,  even  if  only  a  few  of  the  most  practical 
configurations  are  considered.  The  Phase  II  test  program  has  been  designed  to 
obtain  the  necessary  data  with  a  reasonable  number  of  tests.  The  methodology 
adopted  has  been  to  investigate  one  variable  at  a  time.  Correlation  of  the  results 
of  each  series  of  tests  has  provided  the  insight  necessary  to  define  subsequent 
testing. 

One  of  the  primary  factors  investigated  by  the  Phase  II  tests  is  the  effect 
of  static  stress  on  hypervelocity  impact  damage.  The  material  for  all  of  these 
tests  was  2014-TG  aluminum,  a  typical  weldable  alloy.  Tests  have  been  designed 
to  evaluate  the  interaction  between  static  stress  and  hypervelocity  impact 
phenomena.  A  second  factor  investigated  is  the  effect  of  varying  shield  thickness. 
Other  factors  examined  have  been  the  additional  effects  of  insulation-type  fillers 
between  the  shield  and  the  stressed  sheets,  and  of  a  thick  organic  slab  placed 
against  the  back  of  the  stressed  specimen.  The  latter  is  intended  to  simulate 
the  effect  of  propellants  on  tank  structural  response  subsequent  to  a  hypervelocity 
impact. 

Based  upon  fracture  mechanics  criteria,  it  was  not  anticipated  that  catas¬ 
trophic  fracture  of  the  stressed  specimens  would  result  when  they  were  impacted 
directly  by  any  single  projectile  up  to  the  1/4-inch  maximum  diameter  used  in 
this  program.  However,  some  specimens  have  fractured,  indicating  a  greater 
susceptibility  to  impact  damage  than  originally  believed.  The  Phase  II  test  data 
are  summarized  in  Table  2.  The  results  of  the  several  series  of  Phase  II 
tests  are  discussed  below. 

Single-Sheet  Specimens 

The  2014-TG  aluminum  sheets  used  for  this  series  of  tests  ranged  in  thickness 
from  0.090-inch  to  0.  750-inch.  They  were  preloaded  to  static  stresses  of  40, 
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60,  or  80  percent  of  the  material  nominal  yield  strength.  The  projectiles  used 
were  1/8-  and  1/4-inch  diameter  aluminum  spheres  of  0.05-  and  0.38-gram 
masses  respectively;  impact  velocities  were  approximately  16,000  feet  per 
second.  The  test  results  reveal  that  there  is  no  noticeable  change  in  crater 
configuration  due  to  the  application  of  static  stresses.  As  shown  in  Figure  10, 
holes  of  practically  the  same  size  are  produced  in  targets  of  equal  thickness 
but  subjected  to  various  stresses.  One  typical  set  of  craters  is  shown  in 
Figure  11.  The  photographs  show  the  holes  formed  in  0.090-inch  sheets  tested 
at  four  different  stress  levels. 

Figure  12  shows  that  the  effect  of  stress  and  of  target  thickness  on  hole 
size  can  be  depicted  by  a  single  curve.  Photographs  of  a  typical  series  from 
this  curve  are  shown  in  Figure  13.  Sheets  loaded  to  60-percent  yield  stress 
and  of  thicknesses  between  0.090  and  0.375  inch  were  impacted  by  1/8-inch 
aluminum  spheres.  The  damage  produced  on  stressed  and  unstressed  targets 
is  indistinguishable.  Further  reinforcement  of  this  thesis  is  obtained  from  the 
craters  and  holes  shown  in  Figures  14  and  15.  The  first  of  these  figures  shows 
a  comparison  between  the  crater  in  a  0.375-inch  stressed  sheet  due  to  a  1/8-inch 
sphere,  and  that  in  a  0.  75-inch  stressed  sheet  due  to  a  1/4-inch  sphere;  the 
sheet -thickness-to-projectile-diameter  ratios  for  both  are  the  same.  Figure  15 
shows  penetration  of  a  l/4-inch  sphere  through  a  0.375-inch  stressed  sheet, 
and  of  an  1/8-inch  sphere  through  a  0. 160-inch  stressed  sheet.  The  damage 
shown  in  both  these  figures  is  the  same  as  would  have  been  produced  in  unstressed 
specimens. 

These  results  confirm  that  it  is  not  physically  possible  for  the  material  to 
adjust  deformation  instantaneously  to  the  application  of  transient  stresses.  If 
transient  impact  stresses  do  not  persist  long  enough  for  the  material  to  respond, 
only  static  stress  systems  need  be  considered  in  evaluation  of  failure  modes. 

For  example,  a  crater  or  hole  will  be  generated  in  an  aluminum  target  under 
hypervelocity  impact  in  less  than  50  microseconds.  This  is  less  than  the  effective 
response  time  of  aluminum,  defined  as  a  maximum  crack  propagation  distance; 
hence,  the  crater  can  be  treated  as  a  static  stress  concentration  or  flaw.  The 
seriousness  of  the  stress-concentration  effect  depends  on  the  stress  level,  the 
microcosmic  geometry  of  the  flaw,  and  on  the  material  behavior. 

Shielded  Specimens 

The  shielded  specimen  tests  have  been  performed  with  a  constant  2-inch 
stand-off  spacing.  The  stressed  specimen  has  been  an  0.090-inch  thick  2014-T6 
aluminum  sheet.  Stress  level  for  all  but  a  few  tests  was  80  percent  of  nominal 
material  yield.  The  projectile  was  either  an  1/8-inch  or  a  1/4-inch  aluminum 
sphere,  launched  at  approximately  16,000  feet  per  second.  The  width  of  the 
stressed  sheet  was  5  inches  for  all  1/8  -inch  projectile  tests  and  most  of  the 
l/4-inch  projectile  tests.  Several  8-inch  wide  specimens  have  also  been  tested 
in  order  to  study  specimen  edge  effects. 
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10,000  20,000  30,000  40,000 

GROSS  STRESS  (psi) 

Figure  10  EFFECT  OF  TARGET  STRESS  ON  HOLE  SIZE 


(a)  Static  Stress  0  psi 

1/2  Inch 


SCALE:  f- 


(b)  Static  Stress  23,900  psi 
(40%  Yield) 


(c)  Static  Stress  36,800  psi  (d)  Static  Stress  47,000  psi 

(60%  Yield)  (80%  Yield) 

Figure  11  EFFECT  OF  STATIC  STRESS  ON  UNSHIELDED  SPECIMENS 

0. 090-Inch  2014-T6  Specimens 
1/8-  Inch  Aluminum  Sphere  Projectile 
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Projectile  Velocity:  14,500  fps  to  16,700  fps 
Target  Stress:  Various  Stress  Level,  From  No  Stress  to  90%  Yield 
O  1/8"  Al  Sphere,  0.05  gm.  Impacted  on  2014-T6  Specimen 
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TARGET  THICKNESS/PROJECTILE  DIAMETER 

Figure  12  EFFECT  OF  TARGET  THICKNESS  ON  HOLE  SIZE 


Specimen  Thickness 
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Figure  13  EFFECT  OF  TARGET  THICKNESS  ON  IMPACT  DAMAGE 

2014-T6  Specimens 
l/8-lnch  Aluminum  Sphere  Projectiles 
Static  Stress  60%  Yield 
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0. 750-Inch  2014-T6  Specimen 
Static  Stress  17,800  psi  l/4-lnch  Projectile 


Figure  14  PROJECTILE  AND  TARGET  SCALING  -  CRATERS 


Aluminum  Sphere  Projectiles 
Sheet-Thickness/Projectile-Diameter  Ratio  =  3.00 
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0. 160-Inch  2014-T6  Specimen 
1/8-Inch  Projectile 

Sheet-thicknes/Projectile-Diameter  Ratio  =  1  .28 

SCALE:  i - LJnch - , 


0.375-Inch  2014-T6  Specimen 

_  ,  i/H  nch  Projectile 
Sheet-Thickness/Projectile-Diameter  Ratio  =  1  .50 

Figure  15  PROJECTILE  AND  TARGET  SCALING  -  PENETRATIONS 

Aluminum  Sphere  Projectiles 
Static  Stress  60%  Yield 
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Results  of  the  shielded  specimen  tests  may  be  summarized  as  follows: 

1)  Under  certain  conditions,  an  unshielded  specimen  can  sustain  impact 
damage  from  a  hypervelocity  projectile  without  fracturing,  but  the  addition 
of  a  shield  breaks  up  the  projectile,  spreads  the  damage  over  a  larger 
area,  and  causes  the  specimen  to  fracture  catastrophically. 

2)  The  damage  area  of  the  shielded  specimen  is  a  function  of  shield  thickness; 
thicker  shields  tend  to  increase  the  damaged  area. 

3)  Increasing  the  shield  thickness  generates  larger  ejecta  or  spall  fragments. 
Fewer  but  larger  and  deeper  craters  are  produced  in  the  shielded  target. 

These  results  are  valid  only  within  certain  thickness  limits  of  the  shield,  since 
a  sufficiently  thick  shield  will  completely  stop  the  projectile. 

Figure  1G  shows  damage  to  stressed  targets  by  l/4-inch  projectiles  after 
penetrating  shields  of  various  thicknesses.  In  each  of  the  tests  shown  in 
Figure  1G,  there  are  signs  of  light  ejecta  impacts  extending  over  an  area  4  to 
5  inches  in  diameter;  this  damage  is  consitlered  structurally  insignificant  when 
compared  to  the  damage  clustered  nearer  the  center  of  impact.  Figure  IGa  shows 
a  target  after  a  1/4-inch  projectile  impacted  through  a  0.  040-inch  shield.  This 
produces  a  0.  80 -inch  diameter  hole  in  the  target  while  the  ejecta  damages  a 
1.30-inch  diameter  area  surrounding  the  hole.  Increasing  the  shield  thickness 
to  0.090  inch,  as  shown  in  Figure  16b,  increases  the  ejecta  damage  diameter 
to  about  2.  25  inches  while  the  central  hole  diameter  decreases.  Typical  crater 
diameters  in  the  damaged  area  arc  about  0.05  inches. 

Increasing  the  shield  thickness  to  0.  160  inch,  as  shown  in  Figure  16c, 
produced  the  same  damage  area  but  the  diameter  of  the  individual  craters  in 
the  stressed  specimen  has  increased  to  approximately  0. 10  inch.  Figure  16d 
shows  a  0.  250-inch  thick  shield  test.  The  damage  diameter  is  1.  80  inches;  the 
fewer  but  larger  craters  within  this  area  are  0. 12  to  0. 15  inch  in  diameter.  If 
the  stressed  specimen  had  not  been  shielded,  the  impact  damage  would  have  been 
a  single  hole  about  0.53  inch  in  diameter  and  the  specimen  would  not  have 
fractured  due  to  the  impact. 

Similar  results  were  obtained  for  a  series  using  1/8-inch  diameter  projec¬ 
tiles,  shown  in  Figure  17.  For  the  0.020-inch  thick  shield,  Figure  17a,  the 
ejecta  damage  diameter  was  1. 1  inches.  Other  tests  for  this  series  produced 
a  damage  diameter  of  1.5  inches.  The  diameters  of  the  craters  in  the  damaged 
area  increased  with  increasing  thickness  of  the  shield,  e.  g.  ,  0.03-,  0.06-  and 
0.10-inch  diameter  craters  for  0.040-,  0.090-,  and  0. 160-inch  shield  thicknesses, 
respectively.  Typical  unshielded  stressed  specimen  damage  is  shown  in 
Figure  11;  the  holes  are  all  about  0.35  inch  in  diameter. 

The  effects  of  increasing  shield  thickness  can  also  be  shown  graphically, 
as  in  Figure  18;  data  on  normalized  target  damage  area  is  plotted  against 
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(a)  0.040-Inch  Shield 

SCALE: 


1  Inch 
I - 1 


(b)  0.090-Inch  Shield 


(c)  0.160-Inch  Shield 


(d)  0.250-Inch  Shield 


Figure  16  EFFECT  OF  SHIELD  THICKNESS  -  1/4-INCH  PROJECTILE 

2014-T6  Specimens 
Static  Stress  80%  Yield 
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(a)  0.020-Inch  Shield 


(b)  0.040-Inch  Shield 


SCALE 


(c)  0.090-Inch  Shield 


(d)  0.160-Inch  Shield 


Figure  17  EFFECT  OF  SHIELD  THICKNESS  -  1/8-INCH  PROJECTILE 

2014-T6  Specimens 
Static  Stress  80%  Yield 
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normalized  shield  thickness.  Target  damage  area  is  normalized  by  using  the 
damage  area  produced  by  an  identical  projectile  impacting  an  unshielded  target. 

As  shield  thicknesses  approach  zero,  the  curves  converge  to  unity,  i.e.  ,  the 
damage  is  the  same  as  that  formed  in  an  unshielded  specimen.  As  shield 
thicknesses  increase,  the  damage  diameter  first  increases,  then  levels  off,  and 
eventually  falls  to  zero  when  the  projectile  fails  to  penetrate. 

For  extremely  thin  shields,  i.e.  ,  shield-thickness-to-projectile-diameter 
ratios  of  0.05  or  less,  there  are  no  indications  of  projectile  break-up.  The 
hole  in  a  shielded  specimen  is  the  same  as  that  of  an  unshielded  specimen. 

Shields  having  shield-to-projectile  ratios  of  0.05  to  0.20  break  up  the  penetrating 
projectile.  The  fragments  remain  relatively  clustered  and  produce  holes  in 
the  second  sheet  that  are  up  to  70  percent  larger  than  the  holes  in  an  unshielded 
specimen.  The  edges  of  these  penetrations  have  the  typical  appearance  common 
to  hypervelocity  impact  damage.  The  ejecta  damage  diameter  is  usually  taken 
as  the  largest  lip-to-lip  dimension  of  the  major  penetration.  Figure  4b  is  a 
typical  example  of  this  damage. 

Shields  with  ratios  from  0.  2  to  1.3,  the  thickest  tested,  cause  the  projectile 
to  shatter  and  produce  many  dispersed  craters.  The  ejecta-damage  area  for 
this  region  is  highly  susceptible  to  observer  judgment,  but  generally  includes 
most  of  the  larger  craters.  This  is  similar  to  the  reduced  target  damage 
diameter  described  in  Reference  5.  Ejecta  from  these  heavily  shielded  specimens 
usually  include  large  chunks  of  material  torn  from  the  target. 

The  effect  of  static  stress  on  hypervelocity  impact  damage  to  shielded 
specimens  is  shown  in  Figure  19.  A  series  of  0.090-inch  2014-T6  aluminum 
specimens  with  0.100-inch  thick  shields  spaced  2  inches  in  front  were  tested 
using  1/4-inch  diameter  aluminum  spheres.  The  only  variable  in  this  series 
was  the  specimen  stress  level;  this  ranged  from  zero  to  80  percent  of  nominal 
material  yield.  The  impact  damage  has  no  distinguishing  stress-induced 
differences.  With  the  exception  of  the  unstressed  specimen,  all  specimens 
fractured  under  the  projectile  impact.  The  cause  of  these  fractures  will  be 
discussed  in  the  next  section. 

Fractures 

During  the  original  planning  of  this  testing  program  it  was  anticipated  that 
fracture  of  the  Phase  II  specimens  due  to  hypcrvelocity  impact  was  unlikely. 
Indeed,  none  of  the  unshielded  stressed  specimens  have  suffered  catastrophic 
fracture  due  to  the  impact  of  a  single  projectile.  However,  the  addition  of 
shields,  or  the  impact  of  several  projectiles,  e.g.  ,  sabot  particles,  has 
introduced  additional  effects,  some  of  which  have  caused  the  specimen  to  fracture. 

Figure  20  is  a  plot  of  all  applicable  Phase  II  data,  including  both  shielded 
and  unshielded  tests.  The  standard  fracture  mechanics  format  has  been  used 
for  this  plot.  The  points  marked  with  an  asterisk  denote  tests  that  incurred 
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(e)  No  Stress  -  Front  (f)  No  Stress  -  Back 

Figure  19  EFFECT  OF  STATIC  STRESS  ON  SHIELDED  SPECIMENS 

0. 160-Inch  Shield,  2-Inch  Spacing 
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(c)  40%  Yield  Strength 

(d)  20%  Yield  Strength 
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0.2 

0.3 

0.4  0.5  0.6  0.8  1.0  1.21.41.6  2.0  2.5  3. 

CRITICAL  FLAW  SIZE,  2a  (INCftES) 

Fracture 

No 

1 

Occurred 

Fracture  ! 

• 

o 

5-Inch  Wide  Specimen  -  No  Shield 

A 

A 

5-Inch  Wide  Specimen  -  Various  Shields,  2-Inch  Spacing 

m 

O 

8-Inch  Wide  Specimen  -  Various  Shields,  2-Inch  Spacing 

9 

Fracture  Occurred  During  Removal  From  Jig 

* 

Specimen  Deformed  by  Impact- 

Figure  20  FRACTURE  STRENGTH  OF  0. 090-INCH  2014-T6  SPECIMENS 
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large  deformations  due  to  the  impact;  this  is  a  special  case  to  be  discussed 
later.  The  data  without  asterisks  can  be  explained  using  fracture  mechanics 
concepts.  Considering  all  applicable  Phase  II  tests  shown  in  Figure  20,  a 
static  fracture  toughness  value  of  between  60  and  70  ksi  VTrTT  is  indicated  by 
the  data.  An  examination  of  the  available  static  fracture  toughness  data  has 
revealed  that  the  room  temperature  values  are  about  the  same  for  both  2014-T6 
and  7075-T6  aluminum.  From  this  it  appears  that  the  impact  fracture  toughness 
values  indicated  by  the  Phase  II  tests  are  not  unreasonable. 

A  series  of  tests,  where  specimens  with  0.040-inch  shields  were  impacted 
with  1/8-inch  diameter  spheres,  provided  unintentional  support  for  the  appli¬ 
cability  of  the  fracture  mechanics  concept.  Each  of  the  three  test  specimens 
shown  in  Figure  21  suffered  a  sabot  impact  in  addition  to  the  projectile.  Except 
for  the  unknown  size  of  the  sabot  fragment,  all  three  tests  were  nearly  identical, 
but  the  response  after  impact  was  different.  Two  targets  withstood  the  test  and 
one  fractured.  The  holes  in  the  shields  due  to  the  sabot  fragment  were  about  the 
same  size  for  each  test,  but  the  fragment  behavior  after  penetration  was  different. 
In  the  first  test,  Figure  21a,  the  fragment  appeared  to  be  completely  broken  up 
and  produced  a  series  of  craters  randomly  distributed  over  a  1.5-inch  diameter 
area.  The  fragment  of  the  second  test.  Figure  21b,  seemed  to  remain  in  larger 
pieces  and  produced  five  penetrations  of  the  stressed  sheet.  A  surface  crack 
on  the  back  side  of  the  specimen  connected  three  of  these  penetrations  forming 
a  crack  0.69  inch  long,  oriented  about  75  degrees  from  the  stress  axis.  Pro¬ 
jected  crack  length  normal  to  the  axis  of  the  stress  was  0.  62  inch.  The  fragment 
in  the  last  test,  Figure  21c,  not  only  remained  in  larger  pieces,  but  it  also 
produced  a  line  of  three  or  four  penetrations  having  a  total  length  of  1. 25  inches. 
There  was  also  considerable  damage  to  the  target  material  between  the  pene¬ 
trations.  This  formed  a  crack  oriented  normal  to  the  specimen  stress  axis. 

While  fracture  due  to  loss  of  cross-sectional  area  and  associated  stress 
concentrations  cannot  be  excluded,  it  would  take  a  fracture  toughness  value  of 
about  67  ksi  Vin.  to  resist  a  fracture  for  these  test  conditions. 

The  asterisked  data  of  Figure  20  were  fractures  that  occurred  when  1/ 4-inch 
spheres  impacted  specimens  with  shields  0.090  inch  thick  or  thicker.  Face  and 
edge  views  of  a  typical  fracture  are  shown  in  Figure  22.  The  edge  view  of  the 
specimen  shows  the  gross  deformation  normal  to  the  plane  of  stress  produced 
by  the  impact.  The  large  deflections  induced  by  the  impact  are  sufficient  to 
produce  secondary  stress  effects  that  become  critical.  This  is  supported  by 
the  test  shown  in  Figures  19e  and  19f.  The  unstressed  specimen  did  not 
completely  fracture,  but  the  crack  formed  by  the  impact  extended  over  4  inches 
of  the  5-inch  wide  specimen. 

The  specimens  used  for  the  above  tests  were  5  inches  wide.  Because  of 
possible  edge  effects,  8-inch  specimens  were  manufactured  and  tested  using  a 
0.250-inch  shield.  As  shown  in  Figure  23,  the  8-inch  specimen  suffered  the 
same  gross  deformation  and  cracking  as  a  similarly'  tested  5-inch  specimen. 
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(c)  Test  T-95  -  Fractured  Due  to  Impact 


Figure  21  DAMAGE  DUE  TO  IMPACT 
OF  1/8-INCH  PROJECTILE  PLUS  SABOT 

0. 090-Inch  2014-T6  Specimen  0.040-Inch  Shield,  2-Inch  Spacing 

Static  Stress  80%  Yield 
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SCALE 
1  Inch 


(b)  Edge  View  of  Fracture 

Figure  22  LARGE  DEFLECTION  IMPACT  DAMAGE 

0. 090-Inch  Shield,  2-Inch  Spacing  0.090-Inch  2014-T6  Specimen 

Static  Stress  80%  Yield 
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(b)  8-!nch-Wide,  0.100-Inch-Thick,  7075-T6  Specimen 


Static  Stress  33,800  psi 


Figure  23  EFFECT  OF  SPECIMEN  WIDTH 
ON  LARGE  DEFLECTION  IMPACT  DAMAGE 

0. 250-Inch  Shield,  2-Inch  Spacing 
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It  is  clear  that  the  specimen  geometry  has  not  significantly  biased  test  results. 
Insulation  Fillers 

Typical  spacecraft  structure  is  usually  multilayered  with  at  least  one  layer 
of  low-density,  insulation-type  filler.  A  series  of  tests  has  been  performed  to 
investigate  the  effectivess  of  fillers  in  defeating  hypervelocity  projectiles.  The 
standard  Phase  II  shielded  specimens  and  test  conditions  were  used,  i.e. ,  5-inch 
wide  0.090-inch  thick  2014-T6  stressed  specimens,  static  stress  80  percent 
nominal  yield,  and  various  shields  at  2-inch  spacing.  The  2-inch  space  between 
the  two  sheets  was  filled  with  four  1/2-inch  layers  of  Q-Felt,  a  quartz  fiber 
insulation,  manufactured  by  Johns-Manville. 

Figure  24  shows  results  typical  of  this  series;  Figure  24a  is  a  photograph 
of  a  0.020-inch  shield  and  the  0.18-inch  diameter  hole  due  to  a  1/8-inch  diameter 
projectile;  the  filler  is  shown  in  Figure  24b.  The  damage  to  the  stressed  speci¬ 
men,  a  crater  0.  08  inch  deep  that  did  not  penetrate  the  specimen,  is  shown  by 
Figure  24c.  This  test  can  be  compared  to  the  specimen  shown  in  Figure  17a, 
an  identical  test  except  for  the  filler. 

In  another  test  of  this  series,  a  0.160-inch  shield  and  a  l/4-inch  diameter 
spherical  projectile  were  used.  This  is  the  same  configuration  that  produced 
the  catastrophic  failures  and  gross  deformations  shown  in  Figures  19  and  22. 

The  damage  to  the  stressed  specimen  used  in  the  test  with  filler,  shown  in 
Figure  24d,  was  limited  to  craters  that  did  not  penetrate  the  specimen.  The 
filler  successfully  defeated  the  particle,  although  about  25  cubic  inches  of  the 
insulation  was  pulverized  and  completely  destroyed  by  the  impact. 

Backing  Media 

The  tests  reported  above  have  been  designed  as  screening  tests  to  determine 
the  failure  modes  of  pressure  vessels.  These  tests  have  been  limited  to  the 
simulation  of  gas-filled  pressure  vessels.  The  effects  of  a  liquid  or  solid  media 
contained  in  a  pressure  vessel  are  expected  to  introduce  new  phenomena  that 
may  overshadow  the  hypervelocity  penetration  effects,  i.e.  ,  the  shock  pressure 
induced  in  continuous  media  may  be  sufficient  to  cause  the  structure  to  fracture. 

A  propellant  tank,  filled  with  either  solid  or  liquid  fuels,  is  a  typical  example. 
Simulation  of  a  solid  propellant  or  an  incompressible  fluid-filled  vessel  using 
uniaxially  loaded  specimens  can  be  accomplished  by  placing  an  appropriate 
block  of  material  against  the  back  of  the  stressed  sheet.  Tests  performed  at 
Lewis  Research  Center,  NASA,  suggest  that  paraffin  produces  the  same  general 
effect  as  water  when  impacted  by  a  hypervelocity  projectile.  To  study  this 
relation,  a  series  of  tests  using  paraffin  blocks  on  the  back  of  the  specimen 
have  been  performed.  Other  backing  material  such  as  polyurethane  blocks  will 
be  used  in  future  tests. 

For  the  first  tests,  l/8-inch  diameter  aluminum  spheres  were  fired  into 
0.090-  and  0.250-inch  thick  stressed  specimens.  In  each  test,  the  size  of  the 
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(a)  0.020-inch  Shield 
l/8-inch  Projectile 


(b)  Exit  Side  of  2-inch  Q-Felt  Filler 
1/8  -inch  Projectile 


t -m 


SCALE: 
1  Inch 

t - 1 


(c)  0.090-inch  Stressed  Specimen 
0.020-inch  Shield,  l/8-inch  Projectile 


(d)  0.090-inch  Stressed  Specimen 
0.160-inch  Shield,  l/4-in~h  Projectile 


Figure  24  EFFECT  OF  2  INCHES  OF  Q-FELT  INSULATION  FILLER 
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— -bole  formed  in  the  specimen  was  about  the  same  as  would  be  produced  on  the  same 
specimen  without  a  backing  medium.  None  of  these  specimens  were  fractured, 
nor  were  any  cracks  formed.  However,  the  pulse  generated  in  the  paraffin  was 
sufficient  to  bulge  the  specimen  in  the  area  surrounding  the  penetration.  The 
bulge,  shown  in  Figure  25b,  was  0. 10  inch  high  and  about  2  inches  in  diameter. 
The  direction  of  the  bulge  was  opposite  to  the  projectile  flight  direction. 

The  1/8-inch  diameter  projectile  was  not  large  enough  to  produce  a  crack- 
inducing  pressure  pulse,  so  another  test  was  performed  on  a  0.  090-inch  specimen 
with  a  1/4-inch  diameter  aluminum  projectile.  The  results  of  the  impact  and 
subsequent  effects,  shown  in  Figure  26,  were  somewhat  greater  than  expected. 
Figure  26b  compares  the  fractured  specimen  to  an  untested  specimen.  The 
loose  pieces  have  been  taped  in  place  for  this  photograph.  The  region  of  sharp 
curvature  coincides  with  the  top  and  bottom,  respectively,  of  the  testing  jig 
beams.  Damage  to  the  paraffin  backing  blocks  is  shown  in  Figure  27.  The 
test  face  of  the  block  is  4  by  5  inches. 

These  tests,  although  exploratory  in  nature,  have  demonstrated  the  possible 
failure  modes  due  to  the  shock  interaction  associated  with  the  hypervelocity 
impact  on  pressure  vessels  containing  liquids  or  solid  propellants. 
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(a)  impact  Side  of  Hole 


Projectile  Flight  Direction  | 

(b)  Edge  View  Showing  Upstream  Bulge  Formed  by  Impact  and  Subsequent  Pressure  Pulse 

Figure  25  EFFECT  OF  PARAFFIN  BACKING  ON  IMPACT  DAMAGE  - 

1/8-INCH  PROJECTILE 

0. 090-Inch  2014-T6  Specimen 
Static  Stress  38,500  psi 
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(a)  Exit  Face  of  Specimen 


Projectile 

Flight 

Direction 


(b)  Edge  View  of  Specimen 

Figure  26  EFFECT  OF  PARAFFIN  BACKING  ON  IMPACT  DAMAGE  — 

1/4-INCH  PROJECTILE 

0. 090-Inch  2014-T6  Specimen 
Static  Stress  48, 100  psi 
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(a)  View  of  Craters 
l/4-Inch  Projectile  Test  on  Left 
1/8-Inch  Projectile  Test  on  Right 

_  _  , ,  „  1  Inch 
SCALE:  i - , 


(b)  V  iew  of  Paraffin  Blocks  and  Debris 

Figure  27  DAMAGE  TO  PARAFFIN  BACKING  BLOCKS 
AFTER  PENETRATION  OF  0.090-INCH  2014-T6  SPECIMENS 
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VI.  PHASE  III  TEST  RESULTS 

The  Phase  III  tests  are  an  exploratory  investigation  of  the  effect  of  projectile 
geometry  on  the  penetration  of  practical  structural  arrangements  of  loaded  thin 
sheets,  with  and  without  shields.  The  projectiles  that  have  been  tested  are  shown 
in  Figure  28.  These  are  an  equilateral  tetrahedron,  a  hollow  cylinder,  and  a 
cupped  cube.  The  projectiles  are  sized  to  fit  within  a  1/4-inch  launch  tube  and 
to  have  the  same  mass  as  an  1/8-inch  diameter  sphere.  The  penetration  data  for 
the  various  shapes  can  be  directly  correlated  with  the  corresponding  Phase  II tests 
previously  discussed.  The  flight  photographs  displayed  in  Figure  29  were  taken 
with  Abtronics  image-converter  cameras.  They  show  an  1/8-inch  diameter  sphere, 
an  equilateral  tetrahedron,  and  a  hollow  cylinder  in  flight  immediately  prior  to 
impact,  and  a  sphere  and  a  cupped  cube  immediately  subsequent  to  impact.  Expo¬ 
sure  time  was  5  nanoseconds.  The  photograph  of  the  cupped  cube  was  taken  be¬ 
fore  the  projectile  had  time  to  disintegrate. 

The  Phase  III  tests  that  have  been  performed  are  listed  in  Table  3.  The  cor¬ 
responding  Phase  II  tests  utilizing  1/8-inch  diameter  projectiles  are  also  included 
for  comparison.  Typical  results  are  shown  in  Figures  30,  31,  and  32;  the  first 
shows  craters  formed  in  thick,  unshielded  stressed  specimens,  the  second  depicts 
penetration  of  thin  unshielded  targets,  and  the  last  is  a  compilation  of  the  effects 
of  various  amounts  of  shielding.  The  unshielded  stressed  specimen  was  either 
0. 160  or  0.375  inch  thick;  the  stressed  specimen  used  for  all  shielded  tests  was 
0.090  inch  thick. 

The  tetrahedron  projectile  has  exhibited  a  greater  penetrating  power  than  a 
sphere  of  equal  mass.  Craters  formed  in  single  sheets  by  the  tetrahedron  have 
smaller  diameters,  but  are  deeper;  they  tend  to  be  more  parabolic  than  hemi¬ 
spherical  in  shape.  This  is  shown  in  Figure  30a-d.  A  tetrahedron  impact  some¬ 
times  forms  triangular-shaped  holes  in  thin  sheets.  Tetrahedrons  have  success¬ 
fully  penetrated  stressed  specimens  protected  with  0.090-inch  shields.  Spheres 
of  the  same  mass  and  at  the  same  velocity  have  penetrated  stressed  specimens 
only  when  the  shield  is  less  than  0.040  inch  thick. 

The  tetrahedron  is  the  only  Phase  III  projectile  that  caused  a  specimen  to 
fracture;  a  specimen  tested  with  a  0.040-inch  thick  shield  fractured  while  being 
removed  from  the  jig.  The  removal  procedure  imposes  a  slight  increase  of 
stress  on  the  specimen.  A  reasonable  estimate  of  this  additional  stress,  together 
with  the  apparent  flaw  size  of  0.70  inch,  indicates  a  fracture  toughness  value 
approaching  60  ksi  Vin.  This  is  consistent  with  the  values  obtained  from  the 
Phase  II  tests  of  2014-T6. 

Depending  upon  projectile  orientation  at  time  of  impact,  the  hollow  cylinder 
can  have  a  greater  penetrating  power  than  a  sphere,  but  it  is  also  more  frangible. 
For  the  crater  shown  in  Figure  30c  and  f,  the  cylindrical  axis  of  the  projectile 
was  shown  by  the  Abtronics  camera  to  be  within  10  degrees  to  the  normal  of  the 
target.  The  raised  point  in  the  crater  bottom  coincides  with  the  hole  in  the 
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(d)  Cupped  Cube 

Figure  28  PROJECTILE  GEOMETRY 
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(a)  1 /8-Inch  Sphere  Immediately 
Prior  to  Impact . 

Note  Projectile  Shadow. 


(b)  1/8-1  nch  Sphere  Immediately 
After  Impact. 


(c)  Tetrahedron  Immediately  Prior 
to  impact . 

Note  Projectile  Shadow. 


(d)  Hollow  Cylinder  Immediately 
Prior  to  Impact. 

Note  Projectile  Shadow. 


(e)  Cupped  Cube  Immediately  After  Impact. 


Figure  29  PROJECTILES  IN  FLIGHT 
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(c)  Crater  (d)  Section 

Tetrahedron  -  0.049  grams 


(e)  Crater  (f)  Section 

Hollow  Cylinder  -  0.047  grams 

Figure  30  EFFECT  OF  PROJECTILE  GEOMETRY 
CRATERS  IN  UNSHIELDED  SPECIMENS 


0. 375-Inch  2014-T6  Specimens 
Static  Stress  36,000  psi 
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(c)  Hollow  Cylinder  -  0.044  Grams 

Figure  31  EFFECT  OF  PROJECTILE  GEOMETRY  -  PENETRATIONS 
IN  UNSHIELDED  SPECIMENS 

0.160-inch  2014-T6  Specimens 
Static  Stress  48,000  psi 
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(b)  Tetrahedron  -  0.049  Grams 


(a)  1/8  Inch  Sphere  -  0.05  Grams 

SCALE: 


Tetrahedron  Hollow  Cylinder  Cupped  Cube 
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0. 040-Inch  Shield 

Figure  32  EFFECT  OF  PROJECTILE  GEOMETRY  AND  SHIELD  THICKNESS 

0. 090-Inch  2014-T6  Specimens  2-Inch  Shield  Spacing 
Static  Stress  48,000  psi 


Tetrahedron  Hollow  Cylinder  Cupped  Cube 


W  0. 1 60-inch  Shield  W 

Figure  32  EFFECT  OF  PROJECTILE  GEOMETRY  AND  SHIELD  THICKNESS  (Cont) 

0. 090-Inch  2014-T6  Specimens  2-1  nch  Shield  Spacing 
Static  Stress  48,000  psi 
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cylinder.  When  the  cylindrical  axis  is  parallel  to  the  plane  of  the  target,  the  pro¬ 
jectile  breaks  up  easier  and  produces  less  penetration.  In  the  test  shown  in 
Figure  32h,  where  the  hollow  cylinder  penetrated  both  the  shield  and  the  stressed 
specimen,  the  axis  was  normal  to  the  plane  of  the  sheet. 

The  cupped  cube  was  tested  against  shielded  specimens  only.  The  impact 
attitude  of  this  projectile  also  has  an  effect  on  subsequent  behavior.  A  charact¬ 
eristic  pattern  produced  by  this  projectile  is  displayed  in  Figure  32c.  The 
Abtronics  photographs  of  the  impact  of  this  projectile  show  that  the  projectile  had 
one  face  parallel  to  the  shield  and  the  other  faces  oriented  so  that  the-diagonals 
of  the  cube  coincide  with  the  line  of  craters  on  the  second  sheet. 

The  results  of  the  hollow  cylinder  tests  are  comparable  to  that  reported  in 
Reference  6.  The  tetrahedron  and  cupped  cube  tests  are  believed  to  be  the  first 
time  such  shapes  have  been  fired  as  hypervelocity  projectiles.  No  previous  ex¬ 
perimental  programs  have  studied  the  effect  of  projectile  geometry  on  impact  of 
stressed  specimens.  Although  the  Phase  III  tests  were  performed  as  an  explora¬ 
tory  investigation  with  limited  parameter  variations,  some  interesting  results 
have  been  obtained.  In  particular,  crater  shape  and  hole  size  are  affected  by 
projectile  geometry.  This  suggests  the  possibility  of  tailoring  a  projectile  to 
the  characteristics  of  the  target.  A  cupped  cube  projectile,  for  example,  that 
distributes  craters  in  long  lines  on  shielded  targets  may  more  readily  induce 
catastrophic  failure  than  the  same  mass  in  the  form  of  a  rod  or  sphere. 


53 


CONFIDENTIAL 


CONFIDENTIAL 


vn.  PHASE  TV  TEST  RESULTS 

Prediction  of  the  conditions  under  which  a  pressure  vessel  will  fail  due  to 
hypervelocity  impact  requires  confirming  tests  using  pressurized  tanks  as  test 
specimens.  The  Phase  IV  test  series  has  been  designed  to  accomplish  this  re¬ 
sult.  The  impact  conditions  that  produced  failures  for  the  uniaxially  loaded 
screening  specimens  have  been  duplicated  in  Phase  IV  tests.  This  permits  the 
effect  of  biaxial  stress  on  structural  response  and  fracture  modes  to  be  deter¬ 
mined.  In  addition,  the  significance  of  screening  specimen  geometric  limitations, 
e.g.  ,  specimen  curvature  and  width,  can  be  evaluated. 

Table  4  summarizes  the  results  of  Phase  IV  tests.  Test  results  are  described 
below.  The  stresses  reported  are  based  on  a  nominal  wall  thickness  of  about 
0.102  inch;  actual  values  will  be  measured  later. 

Unshielded  Air-Pressurized  Tanks 

The  screening  tests  of  a  projectile  impacting  an  unshielded,  stressed  2014-T6 
specimen  indicate  the  material  will  suffer  a  penetration  but  will  not  fracture  due 
to  impacts  of  0.38-gram  projectiles  at  velocities  of  16,000  feet  per  second.  Two 
Phase  IV  tests  have  been  performed  to  determine  if  biaxially  stressed  specimens 
offer  different  responses.  For  the  first  of  these,  an  11-inch  diameter  2014-T6 
spherical  tank  with  0. 100-inch  thick  walls  was  impacted  by  an  1/8-inch  aluminum 
sphere.  The  resulting  penetration,  shown  in  Figure  33a,  was  a  hole  0.35  inch  in 
diameter.  This  is  the  same  size  as  obtained  from  the  uniaxially  loaded  specimen 
under  similar  impact  conditions.  A  22-inch  diameter  2014-T6  spherical  tank  was 
impacted  by  a  1/4-inch  aluminum  projectile.  The  hole  formed  is  shown  in  Figure 
33c.  The  increased  size  of  this  hole,  e.g.  ,  0.  70-inch  diameter  against  0.53  inch 
for  the  uniaxially  loaded  specimens,  Figure  33d,  may  be  due  to  the  tank  wall  being 
thicker  than  the  screening  specimen.  There  were  no  signs  of  stress -induced  dif¬ 
ferences  in  the  penetrations  of  either  taiik. 

This  last  test  produced  an  interesting  sidelight.  Before  the  test,  the  tank 
had  been  filled  with  expanded  mica  to  prevent  the  projectile  or  spall  fragments 
from  damaging  the  back  tank  wall  following  initial  penetration.  The  mica  per¬ 
formed  as  planned,  effectively  stopping  the  projectile  and  spall  fragments;  how¬ 
ever,  the  mica  was  also  pulverized  during  the  test,  and  was  ejected  from  the  test 
tank  through  the  penetration  hole  by  the  pressurizing  air.  The  mica  dust  escaped 
directly  into  the  testing  laboratory  as  a  thick  brown  smoke.  Visibility  was  re¬ 
duced  to  about  3  feet.  When  the  smoke  cleared,  the  test  range  appeared  as  shown 
in  Figure  34.  The  laboratory  ceased  operation  for  24  hours  to  clean  house. 

Shielded  Air-Pressurized  Tanks 

Several  air-pressurized  tank  tests  using  shields  have  been  performed.  Photo¬ 
graphs  of  these  tests  and  comparable  uniaxially  loaded  shielded  specimens  are 
shown  in  Figure  35.  The  first  of  the  shielded  tank  tests  was  with  an  1/8-inch 
diameter  projectile  and  an  0.040-inch  shield.  It  was  anticipated  that  the  specimen 


54 


CONFIDENTIAL 


CONFIDENTIAL 


Air-Pressurized  Tanks 


Un  iaxially  Stressed  Specimen 


(a)  1 1 -Inch-Diameter  Tank 
Static  Stress  47,500  psi 

l/8-lnch  Aluminum  Sphere 


(b)  Static  Stress  47,000  psi 

SCALE:,  1/2  Inch 

Projectile 


(c)  22-Inch-Diameter  Tank  (d)  Static  Stress  48,300  psi 

Static  Stress  43,700  psi 

1/4-1  nch  Aluminum  Sphere  Projectile 

Figure  33  COMPARISON  OF  UNSHIELDED  TESTS 
OF  UNIAXIAL  AND  BIAXIAL  SPECIMENS 
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Air-Pressurized  Tank 
(22-Inch  Diameter) 


(e)  Static  Stress  0  psi  (f)  Static  Stress  0  psi 

0.160-Inch  Shield  -  1/4-Inch  Projectile 

Figure  35  COMPARISON  OF  SHIELDED  TESTS 
OF  UNIAXIAL  AND  BIAXIAL  SPECIMENS 
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would  sustain  surface  damage  from  many  small  craters,  but  would  not  fracture. 
The  result,  shown  in  Figure  35a,  was  a  multitude  of  craters  within  a  1.15-inch 
diameter  area.  This  compares  favorably  with  the  same  test  configuration  using 
the  uniaxially  stressed  specimen  shown  in  Figure  35b. 

The  next  test  used  an  1/8-inch  diameter  projectile  and  an  0.020-inch  shield. 
The  comparable  screening  specimen  test  sustained  impact  without  fracture,  but 
broke  when  the  static  load  was  increased  during  removal  from  the  jig.  This  indi¬ 
cates  the  1/8-inch  projectile  to  be  marginal  for  producing  fracture  under  the 
given  conditions.  If  a  biaxial  stress  field  were  more  detrimental,  a  tank  speci¬ 
men  tested  under  these  conditions  should  fracture.  The  results  are  shown  in 
Figures  35c  and  35d.  The  difference  in  response  is  due  to  sabot  impact.  The 
test,  however,  did  prove  the  0.  70-inch  damage  diameter  is  not  critical  for  this 
particular  shielded  pressure  vessel  configuration. 

The  shielded  tank  test  shown  in  Figure  35e  duplicated  the  same  test  param¬ 
eters  that  were  used  for  the  Phase  II  screening  tests  where  the  large  deformations 
and  cracks  resulted,  i.e.  ,  a  1/4-inch  aluminum  projectile  and  a  0.160-inch  thick 
shield  impacting  unstressed  specimens.  The  gross  deformation  and  critical 
cracking  common  to  the  uniaxial  specimens  did  not  occur  for  the  tank  specimen. 
The  area  immediately  adjacent  to  the  penetration  suffered  only  a  0. 1-inch  deflec¬ 
tion  from  the  original  surface.  The  tank  wall  thickness  has  not  yet  been  measured. 
It  may  be  significantly  thicker  than  the  screening  specimens;  this  is  sufficient  to 
explain  the  difference  in  response. 

Water-Filled  Tanks 

Tests  reported  elsewhere  (Reference  7)  indicate  that  catastrophic  fracturing 
rather  than  simple  puncturing  of  pressure  vessels  may  occur  when  they  are  filled 
with  liquids  and  impacted  by  a  hypervelocity  projectile.  To  investigate  this  phe¬ 
nomenon,  impact  tests  of  water-filled  tanks  were  performed.  To  distinguish  the 
effect  of  water  from  that  of  static  stress,  tank  tests  were  made  without  pressuri¬ 
zation.  The  pressure  pulse  generated  by  the  impact  shock  in  the  water  is  pre¬ 
sumed  to  be  the  primary  factor  in  producing  catastrophic  fracture.  This  reason¬ 
ing  is  supported  by  the  results  obtained  from  the  paraffin-backed  screening  tests. 
In  these  tests  a  1/4-inch  aluminum  projectile  produced  fracture  of  the  specimen, 
but  the  1/8-inch  projectile  did  not.  Figure  36  shows  the  failures  of  unshielded, 
unstressed,  water-filled  tanks  of  two  different  sizes.  Both  tanks  suffered  cata¬ 
strophic  cracks.  The  first,  in  an  11-inch  diameter  tank,  was  due  to  an  1/8-inch 
aluminum  projectile  and  two  sabot  fragments;  the  second,  in  a  22-inch  diameter 
tank,  was  due  to  a  1/4-inch  aluminum  projectile.  Crack  length  in  both  cases  was 
over  20  inches.  The  pressure  pulses  generated  in  the  liquid  were  also  large 
enough  to  bulge  the  tank  outward  near  the  area  of  the  penetration. 

It  is  also  of  interest  to  investigate  shielding  effects,  where  the  water-filled 
tank  is  not  necessarily  penetrated,  but  the  damage  is  distributed  over  a  larger 
area  due  to  projectile  dispersion.  Figure  37  shows  the  results  of  three  shielded, 
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unstressed,  water-filled  tank  tests  employing  1/8-inch  diameter  aluminum  pro¬ 
jectiles.  Although  considerable  surface  damage  has  been  done  to  the  tank  wall, 
no  fracture  or  crack  was  produced  under  the  interaction  of  the  impact  and  the 
water  inside  the  tank.  In  one  test  using  an  0.010-inch  shield,  as  shown  in  Figure 
37c,  the  projectile  perforated  the  tank;  the  spall  remained  attached  so  that  little 
or  no  material  entered  the  tank.  No  through -the -thickness  cracks  were  formed 
in  this  test. 
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22-Inch-Diameter  Tank 


Figure  36  IMPACT  DAMAGE  OF  UNSHIELDED,  WATER-FILLED  TANKS 

Tank  Pressure  15  psi 
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(a)  0.040-Inch  Shield 
Sabot  Impact 


(b)  0.020-Inch  Shield 


(c)  0.010-Inch  Shield 
Tank  Barely  Penetrated 


Figure  37  IMPACT  DAMAGE  OF  SHIELDED,  WATER-FILLED  TANKS 

Tank  Pressure  15  psi  ,  2-Inch  Shield  Spacing 
22-Inch-Diameter  Tanks ,  1/8-Inch  Projectiles 
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vm.  CONCLUSIONS 

Based  on  the  results  obtained  from  the  four-phase  experimental  program 

given  in  this  report,  the  following  conclusions  may  be  drawn: 

1)  There  is  no  distinguishable  change  in  crater  configuration  or  hole  size  due 
to  hypervelocity  impact  of  specimens  preloaded  to  various  static  stress 
levels.  If  transient  impact  stresses  do  not  persist  long  enough  for  the 
material  to  respond,  then  only  static  stress  systems  need  be  considered 
in  evaluation  of  failure  modes.  The  crater  or  the  hole  generated  may  be 
treated  as  a  stress  concentration  or  flaw;  the  seriousness  of  the  stress- 
concentration  effect  depends  on  the  stress  level  as  well  as  the  material 
behavior. 

2)  Fracture  failures  may  occur  under  hypervelocity  impact  at  static  stresses 
far  below  the  material  strength.  Fracture  mechanics,  based  on  flaw-size 
and  stress-field  concepts,  has  been  found  useful  in  predicting  structural 
failures  under  static  and  fatigue  loadings.  Although  the  flaw  shape  and  con¬ 
ditions  of  loading  under  hypervelocity  impact  do  not  fulfill  the  analytical 
conditions  of  fracture  mechanics,  test  results  demonstrate  that  a  limiting 

stress  as  a  function  of  crater  size  exists.  Both  plane-stres-s-and  plane - 

strain  fracture  modes  have  been  produced  in  aluminum  specimens.  The 
plane-stress  mode  is  the  shear-separation  failure  typical  of  thin  sheets; 

the  plane-strain  mode  is  typical  of  thick -sheet  failure  where  elastic  con¬ 
straint  restricts  shear-separation.  Plane-stress  fracture  toughness  values 
due  to  hypervelocity  impact  appear  to  agree  with  that  predicted  by  static 
tests;  plane-strain  values  obtained  from  impact  tests  of  both  aluminum  and 
steel  specimens  have  been  higher  than  that  predicted  by  static  tests. 

3)  No  fracture  occurred  for  unshielded  2014-T6  aluminum  sheet  specimens 
subjected  to  hypervelocity  impact  at  a  static  stress  of  80  percent  of  material 
nominal  yield  strength.  The  hole  in  the  stressed  sheet  did  not  approach  the 
critical  crack  size  for  fracture;  however,  the  addition  of  shields  increased 
the  damaged  region  to  a  size  sufficient  to  produce  fracture. 

4)  For  the  hypervelocity  impact  conditions  used  in  this  study,  the  relationship 
between  the  hole  size  and  the  target  thickness  for  unshielded  specimens, 
either  with  or  without  static  stress,  can  be  depicted  by  a  single  curve.  For 
shielded  targets,  no  such  curve  has  yet  been  found. 

5)  The  effect  of  varying  shield  thickness  has  been  shown  to  produce  complex 
damage-pattern  changes  on  the  shielded  targets.  Instead  of  giving  protection, 
the  use  of  a  shield  may,  under  certain  conditions,  serve  to  increase  the 
damage  capability  of  the  projectile. 

6)  The  use  of  an  insulation  material  as  a  filler  placed  between  the  shield  and 
the  target  may,  under  certain  conditions,  reduce  the  damage  to  the  target 
produced  by  a  hypervelocity  projectile. 
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7)  Equal-mass  projectiles  In  the  shape  of  tetrahedrons,  cupped  cubes,  hollow 
cylinders,  and  spheres  have  been  fired  into  shielded  and  unshielded  speci- 
ment.  Tetrahedrons  and  properly  oriented  hollow  cylinders  have  exhibited 
greater  penetration  capabilities  than  equivalent  spheres.  In  general,  crater 
configuration  follows  the  shape  and  orientation  of  the  projectile  in  contact 
with  the  target. 

8)  There  are  no  noticeable  changes  in  hole  size  or  crater  configuration  due  to 
hypervelocity  impact  between  biaxially  loaded  tanks  and  uniaxially  loaded 
specimens  of  equal  thickness.  The  effect  of  curvature  has  also  been  shown 
to  be  negligible. 

9)  Tests  on  specimens  with  paraffin  backing  show  that  catastrophic  failure  can 
occur.  Failure  is  presumably  due  to  the  shock  pressure  generated  in  the 
paraffin  block  under  hypervelocity  impact.  It  is  anticipated  that  hyper¬ 
velocity  impact  on  pressure  vessels  containing  liquids  or  solid  propellants, 
will  result  in  similar  phenomena. 

10)  Impact  tests  on  water-filled  unstressed  tanks  have  produced  catastrophic 
fractures.  The  pressure  pulse  generated  in  the  water  is  presumed  to  be 
the  primary  factor  in  producing  failure. 

Further  testing  is  planned  to  support  the  evaluation  of  hypervelocity  impact 

failure  modes  for  pressure  vessels.  This  includes  the  following  work: 

1)  Additional  shielded  and  unshielded  stressed  specimens  will  be  tested  to 
extend  the  applicability  of  static  fracture  mechanics  concepts  to  hyper- 
velocity  impact  damage  analysis. 

2)  A  series  of  tests  will  be  performed  to  obtain  quantitative  information  on 
pressure  pulse  impingement  immediately  subsequent  to  hypervelocity  pro¬ 
jectile  penetration. 
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